This manuscript posted ASAP on 3/10/2016. The amino acid Glu85 was changed to Gln85 and the revised version was reposted on 3/22/2016.

Introduction {#sec1}
============

Chromatin remodelling complexes regulate nucleosome positioning along DNA.^[@ref1]^ These complexes are required for a variety of processes, including chromatin organization, transcriptional regulation, decatenation of chromatids during mitosis, and DNA repair.^[@ref2]^ The mammalian switch/sucrose nonfermentable (SWI/SNF) complex is one of four mammalian chromatin remodelling complexes. Recurrent inactivating mutations in certain subunits of this complex have been identified in different cancers. Despite its known roles in tumor suppression, the mammalian SWI/SNF complex has recently received attention as a potential target for therapeutic inhibition.^[@ref3]^ This stems from the recognition that residual SWI/SNF complexes are critical for the growth of genetically defined cancers, including SWI/SNF mutant and Max mutant tumors as well as acute leukemias.^[@ref4],[@ref5]^ In acute leukemias, it was found that the SWI/SNF complex supports an oncogenic transcriptional program. In the absence of the SWI/SNF ATPase Brg1, leukemic cells arrest in G1 and differentiate. A recent study highlighted a role of another SWI/SNF subunit, BRD9, in leukemia growth. The BRD9 bromodomain (BD) was shown to be required for the proliferation of acute myeloid leukemia (AML) cells.^[@ref6]^

Over the past decade, chemical probe compounds have been shown to be invaluable in the elucidation of protein function.^[@ref7],[@ref8]^ We set out to develop a probe compound targeting the BD of BRD9 in order to evaluate the function of this domain within the SWI/SNF complex. BDs are protein-binding domains with an affinity to lysine-acetylated target proteins.^[@ref9]^ The acetyl-lysine binding pockets of these domains have been shown to be amenable to inhibition by drug-like small molecules, and the activity of several inhibitors directed against bromodomain and extra-terminal motif (BET) containing proteins (BRD2, BRD3, BRD4, and BRD-T) is being clinically assessed in cancer, including hematopoietic malignancies,^[@ref10],[@ref11]^ and atherosclerosis (<http://www.resverlogix.com/blog/tag/atherosclerosis/>). A key selectivity parameter in designing our tool compounds was to avoid activity against BET family proteins because of the pleiotropic effects that BET inhibitors exert on various cellular processes.^[@ref12]^

Recently, three BRD9 inhibitors have been published in the literature: **LP99**,^[@ref13]^**I-BRD9**,^[@ref14]^ and ketone "compound **28**"^[@ref15]^ ([Supporting Information Table 3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). **LP99** is the first published potent and selective inhibitor of BRD9 and BRD7 \[*K*~D~ (BRD9, ITC) = 99 nM vs *K*~D~ (BRD7, ITC) = 909 nM\]; its structure is based on a methylquinolinone scaffold.^[@ref13]^ Cellular target engagement was demonstrated using a quantitative NanoBRET assay \[IC~50~ (BRD9-H3.3) = 5.1 μM and IC~50~ (BRD9-H4) = 6.2 μM\]. **I-BRD9**, which is derived from a thienopyridone scaffold, is a potent cell-active selective binder to BRD9 \[*K*~D~ (BRD9, DiscoveRx) = 1.9 nM vs *K*~D~ (BRD7, DiscoveRx) = 380 nM; IC~50~ (BRD9-H3.3, NanoBRET) = 158 nM\], but it presents some residual affinity toward other BET family members \[*K*~D~ (BRD4-BD1, DiscoveRx) = 1400 nM\].^[@ref14]^ The reason for its high BRD9/BRD7 selectivity is currently not well understood. Additionally, **I-BRD9** was shown to bind to endogenous BRD9 in a chemoproteomic assay. Finally, ketone "compound **28**" was developed starting from a keto-indolizine BAZ2A/B chemical probe; the compound is potent and selective toward BRD9 and BRD7 \[*K*~D~ (BRD9, ITC) = 68 nM vs *K*~D~ (BRD7, ITC) = 368 nM\] and shows cellular activity at 1 μM in a fluorescence recovery after photobleaching (FRAP) assay.^[@ref15],[@ref16]^

In this article, we describe the discovery and development of a potent and selective BRD9 BD inhibitor series based on a new scaffold arising from two parallel screening approaches consisting of fragment-based screening and virtual screening of proprietary libraries. In particular, we report the structure-based design of BRD9 inhibitor **1** (**BI-7273**), which was previously demonstrated to mimic genetic perturbation of BRD9.^[@ref6]^**1** also targets BRD7 BD, which is a BD protein that has been found in a subclass of SWI/SNF remodelling complexes (PBAF)^[@ref17]^ and shares high sequence homology with BRD9.^[@ref18]^ We further describe a second BRD9 inhibitor, **2** (**BI-9564**),^[@ref19]−[@ref23]^ which displays enhanced selectivity against the BRD7 BD as well as improved pharmacokinetic properties when compared to those of **1**. These two chemical probes, **1** and **2**, should prove to be useful in further probing BRD9 BD biology in both in vitro and in vivo settings.

Results {#sec2}
=======

Binding the BRD9 BD with an Isoquinolinone or a Pyridinone Scaffold {#sec2.1}
-------------------------------------------------------------------

Two parallel screening approaches were followed to identify BRD9 BD binders. Three parallel biophysical assays, a differential scanning fluorimetry (DSF) assay, a surface plasmon resonance (SPR) assay, and a microscale thermophoresis (MST) assay, were used to screen our proprietary fragment library of around 1700 compounds against the BRD9 BD ([Supporting Information Figures 1 and 2 and Table 1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). It is of note that this is one of the first fragment screening applications described for the MST technology.^[@ref24]^ The primary screening hits identified by these three screening methods were validated in an orthogonal binding assay using heteronuclear single quantum coherence nuclear magnetic resonance (^15^N HSQC NMR) ([Supporting Information Figures 1--3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). Seventy-seven hits showed significant cross peak shifts in the 2D ^1^H/ ^15^N HSQC NMR spectra, and 55 of these compounds were successfully soaked into the crystals of the BRD9 BD. The observed hit rate in MST screening was significantly higher than that with the other two techniques (124 primary hits for MST vs 36 and 45 for DSF and SPR, respectively), with only a 10% overlap in the hits identified by SPR and DSF. Alternative assay formats or sensitivities of the MST instrument (Monolith NT.015 prototype) may underlie the observed differences in the hit rate. However, despite the higher primary hit rate, MST screening yielded 38 hits validated by HSQC NMR, from which 29 were identified solely by this technology. From these 29 hits, 14 co-crystal structures could be obtained, indicating the significant value of pursuing single-technology hits in addition to hits identified by several orthogonal primary screening techniques. After quantification of the binding affinity of the 77 compounds by SPR, 12 compounds displayed a dissociation constant (*K*~D~) below 100 μM. Additionally, a proprietary high-concentration screening (HiCoS) library of ∼74 500 compounds was screened by Glide docking,^[@ref25]^ followed by BRD9 BD pharmacophore mapping and finally filtering based on molecular weight (MW \< 280) and lipophilicity (clogP \< 2) ([Supporting Information Figure 4](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). This virtual screening led to the selection of 208 available compounds, which were measured in DSF and SPR (% ctrl) assays. The binding affinity (*K*~D~) of the hits was quantified using SPR ([Supporting Information Figure 1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)), leading to the discovery of 23 additional candidates, of which 11 compounds had their binding mode elucidated by X-ray co-crystal structure determination. All 23 compounds were resynthesized and had their binding affinity confirmed by SPR. Eleven compounds had a *K*~D~ below 100 μM by SPR ([Supporting Information Figure 1](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). Structure-based medicinal chemistry was then initiated using the X-ray co-crystal structures of the fragments obtained in the BRD9 BD ([Supporting Information Figures 5--8 and Table 2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)).

The methylpyridopyrimidinone or dimethylpyridinone scaffold compound series was selected as a promising starting point based on their potential exit vectors and binding affinities \[*K*~D~ (**3**, SPR) = 37.5 μM, *K*~D~ (**4**, SPR) = 9.1 μM\] ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, with the scaffold highlighted). The binding mode of the two compounds showed similar binding in the BRD9 anchor region ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c and [Supporting Information Figures 5--8](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). The carbonyl of the pyridinone functionality makes two hydrogen bonds with the protein: a direct H-bond with the N ^δ2^H~2~ side chain of Asn100 and an H-bond to Tyr57 via a conserved water molecule. A methyl group (either from the N-methyl or from the methyl alpha to the carbonyl) occupies a small lipophilic pocket surrounded by four conserved water molecules. The binding mode of these small acetylated lysine mimic binders is typical of those reported for other BDs.^[@ref9]^ Indeed, similar binding activity was observed toward BET family members \[e.g., IC~50~ (**3**, BRD4-BD1) = 80.2 μM and IC~50~ (**4**, BRD4-BD1) = 3.7 μM\] for both fragments, highlighting the challenge of achieving high selectivity against BRD4. Additionally, the aromatic pyridinone core in compounds **3** and **4** makes a π-stacking interaction with the Tyr106 in the BRD9 BD. The distance between the aromatic core and Tyr106 was measured at 3.4 and 3.7 Å for **3** and **4**, respectively (optimal aromatic C--aromatic C parallel offset stacking is 3.4--3.6 Å).^[@ref26]^ Finally, in the specific case of compound **4**, we observe a C--H π-interaction between Ile53 and the phenyl moiety (distance CH~3~--phenyl = 3.6 Å), which could be beneficial for improving potency toward BRD9 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).

![Binding mode of the methylpyridopyrimidinone **3** or dimethylpyridinone **4** scaffold in BRD9 BD (compound **3**: PDB code 5F2P; compound **4**: PDB code 5F25). (a) Structures and binding affinities of compounds **3** and **4** identified by FBS screening and virtual screening of HiCos library, respectively. (b, c) Binding mode of (b) **3** and (c) **4** in the BRD9 BD: H-bond to Asn100, water-bridged interaction with Tyr57, π-stacking with Tyr106, and C--H π-interaction with Ile53. Important amino acids for binding to the BRD9 BD are indicated. ZA channel, anchor region, and N-side are indicated in blue.](jm-2015-01865t_0014){#fig1}

In parallel to the biophysical SPR assay, we developed a biochemical assay measuring the inhibitory effect of our compounds on the binding between acetylated histone H3 and BRD9 BD. This assay showed good correlation with the data obtained by SPR \[*K*~D~ (**3**, SPR) = 37.5 μM vs IC~50~ (**3**) = 48.9 μM; *K*~D~ (**4**, SPR) = 9.1 μM vs IC~50~ (**4**) = 9.4 μM\]. As the aim of the project was to develop a potent and selective inhibitor, we developed in vitro peptide displacement assays to routinely monitor the inhibitory effect of our compounds on the binding between BRD9, BRD7, BRD4-BD1, BRD4-BD2, or BRD2-BD1 BD and acetylated histone H3 or H4.

Structure-Based Design of BRD9 BD Inhibitors {#sec2.2}
--------------------------------------------

Acetylated histones bind to their BD partners via their N-acetylated lysine tails, in particular interacting with a conserved asparagine (for BRD9 BD it is Asn100) in the anchor region and along a region previously referred to as the "N-side"^[@ref27]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Considering that this binding mode is conserved among all BDs, we decided to concentrate on improving potency by growing the initial fragment toward the less conserved "ZA channel" area ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), as we anticipated that this approach would give us a greater chance of successfully achieving selectivity against BET family members.

In order to optimize the ZA channel linker, we used the dimethylpyridinone scaffold as an anchor binder. Both methyl and carbonyl functions on this scaffold are essential for effective binding to the BRD9 BD; indeed, removal of one of the methyl groups \[position 1 (N-Me) or 3\] or removal of the carbonyl moiety (e.g., replacement of anchor binder by 2,6-dimethylpyridine) led to a loss of binding. In the ZA channel of the BRD9 BD, we identified Phe44 ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c) as an amino acid of interest and hypothesized that addressing this interaction could improve potency. Compound **4** showed a suboptimal edge-to-face interaction (also referred to as T-stacking) with Phe44 \[distance Phe44--phenyl (**4**) = 4.67 Å vs optimal aromatic C--aromatic C edge-to-face distance = 3.6--3.9 Å^[@ref26]^\]. It is reported that introduction of electron-donating groups on the facially substituted phenyl improves T-stacking.^[@ref28]^ Following this principle, we replaced the amide functional group by a methylene dimethylamine (compound **5**, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which led to an 8-fold increase in potency. Introduction of additional electron-donating groups onto the phenyl ring further enhanced potency by improving T-stacking with Phe44 (compounds **6**--**10**, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Using 4-(dimethylamino)methyl-3,5-dimethoxyphenyl as a ZA channel linker (compound **7**) increased the potency ∼170-fold compared to that of initial starting hit **4** \[IC~50~ (**7**, BRD9) = 54 nM vs IC~50~ (**4**, BRD9) = 9338 nM\]. It was possible to further boost potency by addressing the backbone carbonyl of His42 with either a hydroxyl moiety or an amine moiety (compounds **11** and **12**, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The azetidine substituent provided the best vector to the His42 carbonyl without interfering with the optimal T-stacking of the dimethoxyphenyl ZA channel linker with Phe44. 4-(3-Aminoazedinylmethyl)-3,5-dimethoxyphenyl dimethylpyridinone (**12**) exhibited low nanomolar activity \[IC~50~ (**12**, BRD9) = 9 nM\]. Binding of the structurally closely related compound **11** was confirmed by X-ray co-crystal structure determination ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Supporting Information Figures 9 and 10 and Table 2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). The anchor region binding is similar to the one observed with fragment **4**: the pyridinone core binds through its carbonyl to Asn100 and to the conserved water molecule bound to Tyr57, a methyl group occupies the small lipophilic pocket, and the pyridinone makes a π-stacking interaction with Tyr106. In the ZA channel, the dimethoxyphenyl linker adopts a conformation that permits optimal T-stacking with Phe44, with the distance between the aromatic core and Phe44 now being the ideal 3.9 Å, while keeping the C--H π-interaction with Ile53, with the distance between aromatic core and Ile53 being 3.6 Å. The azedin-3-ol forms an H-bond to His42; additionally, for this molecule, we observe an induced fit with Phe47 closing onto the molecule due to a C--H π-interaction with the methoxy group of compound **11**.^[@ref29]^

###### SAR for BRD9 Activity in the ZA Channel[a](#tbl1-fn1){ref-type="table-fn"}

![](jm-2015-01865t_0005){#fx1}

![](jm-2015-01865t_0006){#fx2}

\*Alpha format, mean value; number of measurements: 2--5.

![(a--c) Binding mode of BRD9 BD inhibitors (a) **11**, (b) **1**, and (c) **2** \[compound **11**: PDB code 5F1L; compound **1**: PDB code 5EU1; compound **2**: PDB code 5F1H\]. (d) X-ray co-crystal structure of **1** in BRD9 (not shown) aligned with BRD4-BD1 (compound 1: PDB code 5EU1). (a) Binding mode of compound **11** in BRD9 BD: H-bond to Asn100, water-bridged interaction with Tyr57, π-stacking with Tyr106, C--H π-interaction with Ile53, T-stacking with Phe44, H-bond to His42, and induced fit Phe47/C--H π-interaction. (b) Binding mode of compound **1** in BRD9 BD:^[@ref6]^ two H-bonds to Asn100, water-mediated hydrogen bond with Tyr57, π-stacking with Tyr106, C--H π-interaction with Ile53, and T-stacking with Phe44. (c) Binding mode of compound **2** in BRD9 BD: two H-bonds to Asn100, water-bridged interaction with Tyr57, π-stacking with Tyr106, C--H π-interaction with Ile53, T-stacking with Phe44,and induced fit Phe47/C--H π-interaction. (d) Clash between **1** and BRD4-BD1 BD amino acids (Trp81, Gln85, and Leu92) is shown (brown circles).](jm-2015-01865t_0015){#fig2}

While improving the potency toward BRD9, we also observed an enhancement of the selectivity against the first BD of BRD4 (BRD4-BD1) compared to that of starting hit **4**, which showed higher potency for the off-target BRD4-BD1 than for BRD9. Encouraged by these results, we investigated modifications in the anchor region in order to further improve selectivity. As stated previously, we considered it to be essential that our final BRD9 chemical probes were inactive against BRD4-BD1 and other BET family members to avoid any misinterpretation of biological results \[i.e., IC~50~ (BET family members) \> 100 μM\]. After comparing the surface of BRD9 and BRD4-BD1, we hypothesized that enhanced selectivity could be achieved by forcing a clash with key amino acids in the anchor region or the ZA channel of BRD4-BD1. This could be done by introducing substituents at the 4 or 6 position on the pyridine-2-one core of our inhibitors to force a change in the torsion angle between the anchor binder ring and the ZA channel linker ring ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). A methyl group at position 4 (or 6) forced a twist between the 2 aryl moieties, "anchor binder" pyridine-2-one and "ZA channel linker" (measured torsion angle approximately −60° vs −27° to −44° when hydrogen is present), and indeed translated to an improvement of selectivity against the BET family \[compounds **13** (**BI-7189**)^[@ref6]^ and **14**, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}\]. On the basis of the same principle, an aromatic ring merged to the pyridinone scaffold gave an improved selectivity against the BET family and concomitantly improved the π-stacking interaction with Tyr106 in the BRD9 anchor region \[compounds **15** (**BI-7271**)^[@ref6]^ to **19**, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The most efficient inhibitor was 2-methyl-2,7-naphthyridin-1-one compound **1** with a 3-fold increase in affinity for BRD9 and 50-fold increase in selectivity against BRD4-BD1 over compound **7** (selectivity BRD9 vs BRD4-BD1: ∼100-fold for compound **7** and \>5200-fold for **1**). **1** forms an additional positive interaction with the carbonyl of Asn100 in BRD9; indeed, the presence of a nitrogen atom at position 7 on the naphthyridinone ring acidifies the CH bond at position 8, permitting an interaction with the carbonyl side chain of Asn100 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Supporting Information Figures 11 and 12 and Table 2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). This translates into an improved potency for BRD9 BD. **1** displays no measurable activity toward BET family BDs up to a concentration of 100 μM in our biochemical Alpha assay, which can be explained by a potential clash of the anchor part of the molecule with Leu92 in BRD4-BD1 and a clash of the trisubstituted phenyl linker of the molecule with Gln85 and Trp81 in BRD4-BD1 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, superimposition of **1** with the BRD4-BD1 surface).

###### SAR for BRD9, BRD4-BD1, BRD4-BD2, BRD2-BD1, and BRD7 Activity[a](#tbl2-fn1){ref-type="table-fn"}
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\*Alpha format, mean value; number of measurements: 2--5.

Finally, while investigating modifications on the ZA linker part, we discovered that para-substituted dimethoxy groups resulted in an enhanced selectivity for BRD9 over its closest homologue, BRD7 ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). We believe that this selectivity might stem from differences in flexibility between the two proteins. On the basis of the protein melting properties shown in the thermal shift assay, we hypothesized that the BRD7 BD was more flexible and dynamic in solution than BRD9. **2** was slightly less potent toward BRD9 compared to that of **1** in the Alpha assay, but it showed improved selectivity against BRD7 (45-fold more potent for BRD9 vs BRD7) and, most importantly, remained inactive toward BET family members ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The binding mode of **2** in BRD9 BD was confirmed by X-ray co-crystal structure determination ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [Supporting Information Figures 13 and 14 and Table 2](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). **2** bound with an induced fit of Phe47 in the ZA channel, similar to that for compound **11**. Synthesis of para-substituted dimethoxy analogues of **2**, which could directly address the carbonyl of His42 with either a benzyl amine linker or sulphonamide linker at the 4 position of the ZA linker, yielded compounds with an improved BRD9 potency and similar selectivity profile compared to those of **2**. However, these compounds later presented less attractive pharmacokinetic properties (e.g., low permeability or high efflux ratio), which made them unsuitable for in vivo testing.

###### SAR for BRD9, BRD4-BD1, BRD4-BD2, BRD2-BD1, and BRD7 Activity[a](#tbl3-fn1){ref-type="table-fn"}
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\*Alpha format, mean value; number of measurements: 2--5.

![Synthesis of **2**\
Reagents and conditions: (a) NaH, MeI, DMF, rt, 71%; (b) HNMe~2~·HCl, NaOAc, AcOH, NaBH(OAc)~3~, DCM, rt, 89%; (c) B~2~pin~2~, KOAc, Pd(dppf)Cl~2~, 1,4-dioxane, 90 °C, 63%; (d) Pd(dppf)Cl~2~·DCM, Na~2~CO~3~(aq), DMF, 100 °C, 17%](jm-2015-01865t_0004){#sch1}

Finally, binding affinities of **1** and **2** toward BRD9 were measured by isothermal titration calorimetry (ITC) and bromoKdELECT ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, and [Supporting Information Figures 17 and 18](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). High-affinity binding to BRD9 BD was confirmed for both compounds \[*K*~D~ (**1**, ITC) = 15.4 nM and *K*~D~ (**2**, ITC) = 14.1 nM\]. **1** and **2** were selected as BRD9 BD chemical probes for further in vitro and in vivo profiling.

![ITC analysis of compounds **1** and **2** (*T* = 293.15 K). (a) Compound **1** binds with a *K*~D~ value of 15.4 nM (Δ*H* = −12.1 kcal/mol) and (b) **2** binds with a *K*~D~ value of 14.1 nM (Δ*H* = −11.2 kcal/mol).](jm-2015-01865t_0016){#fig3}

###### Summary of Properties of **1** and **2**

![](jm-2015-01865t_0011){#fx7}

**1** and **2** Are Potent, Selective, and Cell-Permeable BRD9 BD Inhibitors {#sec2.3}
----------------------------------------------------------------------------

Target engagement in the cell was demonstrated in a semiquantitative FRAP assay^[@ref16]^ using a green fluorescent protein--BRD9 fusion protein expressed in U2OS cells. **2** showed inhibition of BRD9 in cells at 100 nM, whereas **1** was active in the cell at 1 μM (with 1 μM being the lowest concentration tested) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--d and [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). No compound-related toxicity was observed in U2OS cell lines after 24 h.

![FRAP assay using U2OS cells transfected with GFP--BRD9. (a) Recovery half times of wild-type (wt) cells treated with DMSO in the absence or presence of 2.5 μM SAHA or treated with **1** at 1 μM and SAHA as indicated. In addition, cells expressing GFP--BRD9 with a BD-inactivating mutation (N100F) were analyzed. Significant differences relative to cells treated with SAHA (*p* \< 0.0001) are shown by \*\*\*\*. (b) Time dependence of fluorescence recovery in the bleached area of cells expressing wt or mutant GFP--BRD9 with the corresponding treatments shown in (a). (c) Recovery half times of cells expressing wt GFP--BRD9 treated with various concentrations of DMSO and **2** in the presence or absence of SAHA as indicated. Cells expressing the GFP--BRD9 mutant (N100F) were treated as indicated. Significant differences relative to cells treated with SAHA (*p* \< 0.0001) are shown by \*\*\*\*. (d) Time dependence of fluorescence recovery in the bleached area of cells expressing wt or mutant GFP--BRD9 with the corresponding treatments shown in (c). Curves represent averaged data of at least 20 replicates. **1** shows potency (100% inhibition) at 1 μM in the BRD9 FRAP assay. **2** shows potency (∼90% inhibition) at 0.1 μM in the BRD9 FRAP assay. Both compounds showed no toxicity in U2OS cells after 24 h. The N100F construct is a negative control BRD9 mutant in which Asn100 is replaced by Phe100 and therefore acetylated histone cannot bind because of the lack of interaction to the anchor Asn and because of steric hindrance. SAHA is added to the mixture to increase the signal-to-noise ratio by inhibiting the deacetylation of histones.](jm-2015-01865t_0001){#fig4}

To assess selectivity, the compounds were profiled against a variety of other BDs. BD selectivity was checked by differential scanning fluorimetry for 48 BDs followed by ITC *K*~D~ determination ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figures 15, 16, 19, and 20](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). The same selectivity pattern was observed using the bromoMAX/bromoKdMAX technology (32 BDs screened; [Supporting Information Figures 17 and 18](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). High selectivity against BET family members was confirmed, with *K*~D~ values exceeding 10 μM. Aside from BRD9, highly homologous BRD7 and CECR2 were the only two BDs identified as additional targets ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figures 19 and 20](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). Although **2** showed potency at 1 μM in a BRD7 FRAP assay ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figure 22](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)), pleasingly, no cellular inhibition of the CECR2 BD was observed at this concentration ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figure 23](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). CECR2 has been described as being part of the CECR2-containing-remodeling factor (CERF) complex. Aside from its BD, CECR2 contains an AT hook motif, a DNA-binding motif with a preference for A/T-rich regions,^[@ref30]^ that might contribute to the reduced displacement from chromatin by **2** in the FRAP assay compared to BRD9/7, which do not possess any additional DNA or chromatin binding domains.

Further profiling was conducted to assess the selectivity over a range of targets, particularly kinases and G-protein coupled receptors (GPCRs). Concentrations of compound **2** of less than 5 μM showed no activity against 324 kinases, and at 10 μM, an inhibition \>40% was observed for only 2 out of 55 GPCRs ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figure 24](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). **1** showed an inhibition below 40% against 31 kinases at 10 μM.

Inhibition of Cellular Proliferation by **1** and **2** {#sec2.4}
-------------------------------------------------------

The cellular response to BRD9 inhibition was assessed in a broad cancer cell line panel. Treatment of the panel with **2** resulted in selective growth inhibition of a significant proportion of AML cell lines tested ([Supporting Information Figure 31](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). This result was in agreement with decreased proliferation in the murine AML RN2 cell line following treatment with **1**.^[@ref6]^

CECR2 mRNA expression was hardly detectable in any of the eight sensitive cell lines, which, in addition to the lack of cellular activity of **2** in the CECR2 FRAP assay ([Supporting Information Figure 23](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)), suggests that the antiproliferative effect was not due to the effects of the compound on this BD. The most sensitive cell line was human acute myeloid eosinophilic leukemia cell line EOL-1 \[EC~50~ (**2**, EOL-1) = 800 nM; EC~50~ (**1**, EOL-1) = 1400 nM\] ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, [Supporting Information Figure 31](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)).

As observed from the phenotype of murine cells exposed to **1**,^[@ref6]^ BRD9 inhibition translated into a potent but only partial inhibition of MYC expression in AML cell lines ([Supporting Information Figure 32a--d](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). The reason for the inhibition of MYC expression is currently not understood. Complete suppression of MYC expression, observed at higher concentrations with some of the less selective compounds, was likely due to the effects of the compounds on BET family members \[e.g., IC~50~ (**13**, BRD4-BD1) = 31 μM, IC~50~ (**15**, BRD4-BD1) = 24 μM\] ([Supporting Information Figure 32a,b](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)).

BRD9 can fulfill its cellular function in murine leukemia cells when its BD is exchanged with that of BRD4.^[@ref6]^ These domain-swap experiments were used to demonstrate that the antiproliferative activities of **1** in this cell line are due to its effect on the BRD9 BD. Using **2** in such domain-swap experiments up to 5 μM concentration, we could further confirm that BRD9 BD is responsible for mediating the antiproliferative effects of **2**. However, we also noted a degree of off-target effects of **2** in this murine leukemia cell line when it was used at higher concentrations (data not shown). Nonetheless, these findings suggested that **2** is a suitable chemical probe for probing the in vitro and in vivo functions of BRD9.

Pharmacokinetic Profiling of **1** and **2** {#sec2.5}
--------------------------------------------

Compounds **1** and **2** both showed attractive ADME/PK profiles for in vivo proof-of-concept studies, namely, high solubility at pH 6.8, moderate to high in vitro metabolic stability, low plasma protein binding, and no cytochrome P450 inhibition, together with moderate to high absorptive permeability and moderate in vivo plasma clearances upon i.v. dosing ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figures 25 and 28](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). Despite elevated efflux ratios in the Caco-2 transporter assay, both compounds displayed high oral bioavailability ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figures 25--30](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)). In order to explore the potential of **2** and **1** as in vivo chemical probes, female BomTac:NMRI-Foxn1nu mice were given two doses orally (20 and 180 mg/kg p.o.) and the compound concentration in plasma over time was measured. Dose-dependent but nonlinear AUCs were obtained for both compounds, achieving exposures that were higher compared to the EC~50~ levels determined for both compounds in proliferation assays with EOL-1 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). **2** presented an exposure over time that was twice that of **1** and a higher oral bioavailability ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). This justified in vivo efficacy experiments in mice at the highest dose of **2** (180 mg/kg p.o.) in the disseminated EOL-1 AML mouse model (summary of properties: [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information Figures 26, 27, 29, and 30](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)).

![**1** and **2** block EOL-1 cell proliferation with EC~50~'s of 1400 and 800 nM, respectively.](jm-2015-01865t_0002){#fig5}

Efficacy of **2** in a Disseminated Mouse Model of AML {#sec2.6}
------------------------------------------------------

Prior to performing efficacy studies, 1 week tolerability studies were carried out using 180 mg/kg of **2** in non-tumor-bearing female CIEA-NOG mice. Continuous daily dosing of the selected dose was well-tolerated, with a medium weight change on day 7 of −3.8% (*n* = 4).

The human acute myeloid eosinophilic leukemia cell line EOL-1 was chosen for in vivo experiments as it was the most sensitive cell line in vitro to BRD9 inhibition. A disseminated model, which more closely reflects the clinical situation compared to that of a subcutaneous xenograft, was chosen to assess the efficacy of **2**. EOL-1 cells (10^7^), stably transduced with a luciferase-expressing vector to allow continuous assessment of tumor load by bioluminescence, were injected in the tail vein of CIEA-NOG mice. Oral treatment with 180 mg/kg of **2** was initiated on day 5 and applied daily (q.d.) with an interruption at days 18 and 19. A significant (*p* = 0.0086) reduction in tumor growth (measured in average radiance \[p/s/cm^2^/sr\]) compared to that of controls was observed on day 18, resulting in a median tumor growth inhibition (TGI) value of 52% ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). Imaging data on day 18 provided evidence of a significantly reduced disease burden ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) in mice treated with compound **2**. The animals were closely monitored for clinical signs and were sacrificed when the disease burden exceeded a prespecified grade as a surrogate end point for survival. An increase in tumor burden in the control mice resulted in body weight loss at the end of the study. On day 18, dosing with **2** was interrupted for 2 days, as continuous body weight loss was observed, and a body loss of 15% was observed in one mouse. The body weight loss might be explainable by an increased tumor burden because on this day the control group showed a median body weight loss of −11 compared to −8 in the treated group; however, tolerability issues with the compound cannot be ruled out ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). In the disseminated EOL-1 mouse model, the median survival of the vehicle (Natrosol 0.5%) treated control animals was 20 days. Median survival of the animals treated with 180 mg/kg **2** resulted in a modest but significant additional survival benefit of 2 days compared to survival of the control group ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). Pharmacokinetic analysis of plasma samples taken on the last day of treatment showed that high systemic exposure had been reached, with an AUC~0--last~ of 268 000 nM·h, as expected from single-dose PK experiments in mice ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The mean total plasma concentrations of compound **2** exceeded the EC~50~ of 800 nM from the EOL-1 cellular proliferation assay for 20 h following dosing. While the antileukemia effects of **2** in this model are modest, these experiments demonstrate that **2** is a suitable probe to evaluate the effects of in vivo modulation of BRD9 BD activity.

![Efficacy and tolerability of BRD9 inhibitor **2** in a xenograft model of human AML. Data for panels a--d was collected in the same in vivo experiment. (a) CIEA-NOG mice were injected intravenously with 10^7^ EOL-1 AML cells. Starting on day 5 after cell injection, mice were orally treated with vehicle (daily) or with 180 mg/kg **2** (qd5--17 and qd20--22). With the help of bioluminescence imaging, the tumor burden was assessed in each animal on days 5, 8, 11, 14, and 18 and calculated as median average radiance \[p/s/cm^2^/sr\]. One-sided decreasing Mann--Whitney tests were used to compare tumor volumes. (b) Bioluminescence imaging on day 18: (upper) vehicle control and (lower) 180 mg/kg **2**. (c) Average body weight changes as a percentage of the initial weight. (d) Kaplan--Meier curve showing prolonged survival of animals treated with 180 mg/kg **2** (vehicle = black line; 180 mg/kg **2** = blue line). The *p*-value was calculated by Mann--Whitney test.](jm-2015-01865t_0003){#fig6}

Discussion {#sec3}
==========

Epigenetic modifications have been linked to many diseases, in particular, cancer and immune/inflammatory disorders. The molecular machinery required to read and modify chromatin has been shown to comprise large protein complexes where the activities of multiple domains are coordinated. The need to identify the activities that drive disease pathology has spurred the development of high-quality inhibitors to probe the function of individual domains in the context of the native cellular complexes.

In this article, we focused on the BD of BRD9, a subunit of the SWI/SNF chromatin remodeling complex. Our study describes how a combination of FBS and virtual screening of proprietary libraries allowed us to identify a new scaffold class of BRD9 BD inhibitors. Among the current BET-sparing BRD9 BD inhibitors, **2** and **1** displayed the greatest cellular potency. This was principally achieved following a structure-guided chemical optimization that led to the introduction of 2-methyl-2,7-naphthyridin-1-one as an anchor region binder. Optimization of the compounds focused on addressing all key interactions as efficiently as possible, keeping the overall size of the final molecule small and the ligand efficiency high \[MW (**1**) = MW (**2**) = 353.4 Da; ligand efficiency (**1**) = 0.41 and LE (**2**) = 0.38; lipophilic ligand efficiency (**1**) = 5.7 and LLE (**2**) = 5.7\]. It is of note that CECR2^[@ref31]^ was the only in vitro off-target identified outside the BRD9/BRD7 subfamily; however, at 1 μM, no cellular inhibition of this BD was observed in the CECR2 FRAP assay. The overall ADME properties of the two compounds permit them to be used in in vivo experiments. Early work in a disseminated mouse model of AML showed efficacy for **2** (at 180 mg/kg) with a median TGI value of 52% on day 18, which translated into an additional survival benefit compared to that of the control group.

Three structurally unrelated BRD9 inhibitors have been recently published in the literature: **LP99**,^[@ref13]^**I-BRD9**,^[@ref14]^ and ketone "compound **28**" ([Supporting Information Table 3](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf)).^[@ref15],[@ref19]^ As selective, potent compounds with cellular activity, **1** and **2** will prove to be invaluable as tools to further explore BRD9 biology ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The ADME parameters of these two inhibitors will, in addition, allow the scientific community to elucidate the role of BRD9, either as a single agent or in combination with other inhibitors, in both in vitro and in vivo settings. Compound **2** is available to the scientific community via the SGC consortium^[@ref23]^ as a BRD9/BRD7 potent, selective, cell-permeable, and noncytotoxic probe compound (<http://www.thesgc.org/chemical-probes/BI-9564>). We believe that this molecular probe will provide a useful tool to broaden the study of chromatin regulators not only in oncology but also potentially in additional therapeutic areas such as neurology, immunology,^[@ref14],[@ref32]^ and inflammation.^[@ref13]^

Experimental Section {#sec4}
====================

Unless otherwise indicated, all reactions were carried out in standard commercially available glassware using standard synthetic chemistry methods. Air- and moisture-sensitive reactions were performed under an atmosphere of dry nitrogen or argon with dried glassware. Commercial starting materials were used without further purification. Solvents used for reactions were of commercial dry, extra-dry, or analytical grade. All other solvents used were reagent grade.

Preparative RP-HPLC was carried out on an Agilent or Gilson system using columns from Waters (Sunfire C18 OBD, 5 or 10 μm, 20 × 50 mm, 30 × 50 mm, or 50 × 150 mm; X-Bridge C18 OBD, 5 or 10 μm, 20 × 50, 30 × 50, or 50 × 150 mm) or YMC (Triart C18, 5, or 10 μm, 20 × 50 or 30 × 50 mm). Unless otherwise indicated, compounds were eluted with MeCN/water gradients using either acidic (0.2% HCOOH or TFA) or basic water (5 mL 2 M NH~4~HCO~3~ + 2 mL of NH~3~ (32%) brought up to 1 L with water).

NMR experiments were recorded on Bruker Avance 400 and 500 MHz spectrometers at 298 K. Samples were dissolved in 600 μL of DMSO-*d*~6~ or CDCl~3~, and TMS was added as an internal standard. One-dimensional ^1^H spectra were acquired with 30° excitation pulses and an interpulse delay of 4.2 s with 64k data points and 20 ppm sweep width. One-dimensional ^13^C spectra were acquired with broadband composite pulse decoupling (WALTZ16) and an interpulse delay of 3.3 s with 64k data points and a sweep width of 240 ppm. Processing and analysis of 1D spectra were performed with Bruker Topspin 2.0 software. No zero filling was performed, and spectra were manually integrated after automatic baseline correction. Chemical shifts are reported in ppm on the δ scale.

Analytical LC/MS data \[LC/MS(BAS1)\] were measured on an Agilent HPLC 1100 series with an Agilent LC/MSD SL detector using a Waters X-Bridge (C18, 2.5 μm, 2.1 × 20 mm) column (part no. 186003201) and solvents A \[20 mM aqueous NH~4~HCO~3~/NH~3~ (pH 9)\] and B \[acetonitrile HPLC grade\] as eluent (additional settings: flow, 1 mL/min; injection volume, 5 μL; column temp, 60 °C). Standard gradient was as follows: 0.00 min, 10% B; 0.00--1.50 min, 10% → 95% B; 1.50--2.00 min, 95% B; and 2.00--2.10 min, 95% → 10% B. For some intermediates, analytical LC/MS data was measured using different methods: LC/MS(INT1) was measured on a Shamadzu HPLC LC-20AB, SPD-M20A 190--370 nm system using a Luna C18(2) (5 μm, 50 × 2 mm) column and solvents A \[H~2~O containing 0.0375% TFA\] and B \[acetonitrile HPLC grade containing 0.018% TFA\] as eluent (additional settings: flow, 0.8 mL/min; column temp, 40 °C). Standard gradient was as follows: 0.00 min, 10% B; 0.00--4.00 min, 10% → 80% B; 4.00--4.90 min, 80% B; 4.90--4.92 min, 80% B → 10% B; and 4.92--5.50 min, 10% B. LC/MS(INT2) was measured on an Agilent HPLC 1200 Series (DAD 200--400 nm) with an Agilent 6120 MS system using a Luna C18(2) (3 μm, 30 × 2 mm) column and solvents A \[H~2~O containing 0.0375% TFA\] and B \[acetonitrile HPLC grade containing 0.018% TFA\] as eluent (additional settings: flow, 1.0 mL/min; column temp, 50 °C). Standard gradient was as follows: 0.00 min, 10% B; 0.00--1.15 min, 10% → 80% B; 1.15--1.55 min, 80% B; 1.55--1.56 min, 80% B → 10% B; and 1.56--2.99 min, 10% B.

HRMS data were recorded using a Thermo Scientific Orbitrap Elite hybrid ion trap/orbitrap spectrometer system with an Ultimate 3000 series LPG-3400XRS pump system. Mass calibration was performed using the Pierce LTQ Velos ESI positive ion calibration solution from Thermo Scientific (lot PF200011, product no. 88323)

The purity of the biologically evaluated compounds was determined by LC/MS (for all compounds) and Q-NMR (for compounds **1** and **2**) to be above \>95%.

Compound **3** is commercially available from, e.g., ChemDiv.

Selected Experimental Procedures {#sec4.1}
--------------------------------

### 4-Bromo-2-methyl-1,2-dihydro-2,7-naphthyridin-1-one (**24**) {#sec4.1.1}

Sodium hydride (3.41 g, 142 mmol) was added slowly to a cooled solution (0 °C) of 4-bromo-1,2-dihydro-2,7-naphthyridin-1-one (**23**) (16.0 g, 71.1 mmol; commercial from Activate) in DMF (300 mL), and the resulting mixture was stirred for 0.5 h. Methyl iodide (40.4 g, 285 mmol) was added slowly, and stirring was continued for 2 h. The reaction mixture was quenched with ice water, whereupon the product precipitates. The solid was collected by filtration, washed, and dried in vacuo to give pure 4-bromo-2-methyl-1,2-dihydro-2,7-naphthyridin-1-one (**24**) (12.0 g, 50.2 mmol, 71%). ^1^H NMR (400 MHz, DMSO-*d*~6~) δ 9.36 (s, 1H), 8.87 (d, *J* = 5.6 Hz, 1H), 8.26 (s, 1H), 7.62 (d, *J* = 5.6 Hz, 1H), 3.53 (s, 3H); LC/MS (BAS1): \[M + H\]^+^ = 239/241; *t*~R~ = 0.92.

### \[(4-Bromo-2,5-dimethoxyphenyl)methyl\]dimethylamine (**26**) {#sec4.1.2}

A solution of NaOAc (6.10 g, 44.9 mmol), AcOH (2.45 g, 40.8 mmol), and dimethylamine hydrochloride (6.98 g, 85.7 mmol) in DCM (160 mL) was stirred for 10 min at rt. 4-Bromo-2,5-dimethoxybenzaldehyde (**25**) (10.0 g, 40.8 mmol) was added, and stirring was continued. After 30 min, sodium triacetoxyborohydride (17.2 g, 81.6 mmol) was added in one portion, and the reaction mixture was stirred at rt for 16 h. A saturated NaHCO~3~ solution was added, and the layers were separated. The aqueous layer was extracted three times with DCM. The combined organic layer was dried over MgSO~4~, filtered, and evaporated to give \[(4-bromo-2,5-dimethoxyphenyl)-methyl\]dimethylamine (**26**) (10.0 g, 36.5 mmol, 89%). ^1^H NMR (500 MHz, DMSO-*d*~6~) δ 7.17 (d, *J* = 1.4 Hz, 1H), 7.06 (s, 1H), 3.78 (d, *J* = 1.5 Hz, 3H), 3.74 (d, *J* = 1.4 Hz, 3H), 3.35 (s, 2H), 2.16 (s, 6H); LC/MS (BAS1): \[M + H\]+ = 274/276; *t*~R~ = 1.11 min.

### {\[2,5-Dimethoxy-4-(tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl\]methyl}dimethylamine (**27**) {#sec4.1.3}

\[(4-Bromo-2,6-dimethoxyphenyl)methyl\]dimethylamine (**26**) (7.80 g, 28.5 mmol) and bis(pinacolato)diboron (21.7 g, 85.5 mol) were dissolved/suspended in 1,4-dioxane (150 mL) under N~2~. Potassium acetate (8.43 g, 49.6 mmol) and Pd(dppf)Cl~2~ (1.00 g, 1.37 mmol) were added, and the mixture was stirred at 90 °C for 8 h. After cooling to rt, the mixture was concentrated and the residue was taken up in DCM. Water was added, the layers were separated, and the aqueous phase was extracted three times with DCM. The combined organic layer was dried over Na~2~SO~4~, filtered, and evaporated. The crude product was purified by preparative RP-HPLC using a MeCN/water (0.2% TFA added to the water) gradient as eluent to give the TFA salt of {\[2,6-dimethoxy-4-(tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl\]methyl}-dimethylamine (**27**), which was transferred into the corresponding hydrochloride by dissolving and stirring in HCl/MeOH for 30 min (5.80 g, 18.1 mmol, 63%). ^1^H NMR (500 MHz, DMSO-*d*~6~) δ 10.15 (s, 1H, prot. amine), 7.24 (s, 1H), 7.16 (s, 1H), 4.24 (d, *J* = 5.4 Hz, 2H), 3.80 (s, 3H), 3.74 (s, 3H), 2.70 (d, *J* = 4.9 Hz, 6H), 1.29 (s, 12H); LC/MS (BAS1): \[M + H\]^+^ = 240 (ester cleaved); *t*~R~ = 0.70 min.

### 4-{4-\[(Dimethylamino)methyl\]-2,5-dimethoxyphenyl}-2-methyl-1,2-dihydro-2,7-naphthyridin-1-one (**2**) {#sec4.1.4}

4-Bromo-2-methyl-1,2-dihydro-2,7-naphthyridin-1-one (**24**) (7.44 g, 31.1 mmol), **27** (10.0 g, 31.1 mmol), and Pd(dppf)Cl~2~·DCM (2.54 g, 3.11 mmol) were suspended in DMF (100 mL) under argon. A degassed Na~2~CO~3~ solution (2 N, 38.9 mL, 77.8 mmol) was subsequently added, and the resulting mixture was heated at 100 °C for 2 h. After cooling to rt, DMF was evaporated and a mixture of MeOH/DCM was added. All solids were filtered off, and the filtrate was evaporated again to give the crude material, which was purified by flash chromatography on SiO~2~ using a MeOH/DCM gradient as eluent to give 4-{4-\[(dimethylamino)methyl\]-2,5-dimethoxy-phenyl}-2-methyl-1,2-dihydro-2,7-naphthyridin-1-one (**2**) (3.40 g, 9.62 mmol, 31%). Further purification was achieved by preparative RP-HPLC (X-Bridge C18 50 × 100 mm, 10 μm) using a MeCN/water gradient as eluent to give highly pure material (1.90 g, 5.38 mmol, 17%). ^1^H NMR (500 MHz, DMSO-*d*~6~) δ 9.41 (s, 1H), 8.64 (d, *J* = 5.6 Hz, 1H), 7.74 (s, 1H), 7.12 (s, 1H), 7.03 (d, *J* = 5.6 Hz, 1H), 6.93 (s, 1H), 3.75 (s, 3H), 3.63 (s, 3H), 3.58 (s, 3H), 3.48--3.44 (m, 2H), 2.22 (s, 6H); ^13^C NMR (125 MHz, DMSO-*d*~6~) δ 161.1, 151.7, 151.4, 150.8, 150.6, 142.0, 138.5, 128.4, 122.2, 120.0, 118.6, 115.1, 113.6, 113.5, 57.1, 56.5, 56.2, 45.8 (2C), 36.8. HRMS (CI+): calcd for C~20~H~24~N~3~O~3~ (MH+), 354.18122; found, 354.18091; Δ −0.88 ppm; LC/MS (BAS1): \[M + H\]^+^ = 354; *t*~R~ = 0.91 min.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jmedchem.5b01865](http://pubs.acs.org/doi/abs/10.1021/acs.jmedchem.5b01865).Description of all biophysical and biological methods and results, FBS screening and virtual screening, X-ray co-crystal structure, selectivity data (Bromoscan, TM shift, ITC, GPCR, kinase data for **1** and **2**), FRAP assay data, PK profiles i.v. and p.o. for **1** and **2**, cell results, and chemistry experimental procedures for compounds **1** and **4**--**22** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_001.pdf))SMILES strings and IC~50~ data for **1**--**22** ([CSV](http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5b01865/suppl_file/jm5b01865_si_002.csv))
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Atomic coordinates of BRD9 BD bound to compounds **1** (PDB code 5EU1),^[@ref6]^**2** (PDB code 5F1H), **3** (PDB code 5F2P), **4** (PDB code 5F25), and **11** (PDB code 5F1L) have been deposited with the Protein Data Bank
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AML

:   acute myeloid leukemia

BAF

:   BRG1- or HRBM-associated factors, also called SWI/SNF-A

BD

:   bromodomain

BET

:   bromodomain and extra-terminal

DSF

:   differential scanning fluorimetry

FBS

:   fragment-based screening

FRAP

:   fluorescence recovery after photobleaching

HiCoS library

:   high-concentration screening library

HSQC NMR

:   heteronuclear single quantum coherence nuclear magnetic resonance

ITC

:   isothermal titration calorimetry

LE

:   ligand efficiency

LLE

:   lipophilic ligand efficiency

MST

:   microscale thermophoresis

MW

:   molecular weight

PBAF

:   polybromo-associated BAF, also called SWI/SNF-B

SPR

:   surface plasmon resonance

SWI/SNF

:   switch/sucrose non-fermentable

TGI

:   tumor growth inhibition
